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BALLOON CATHETER SYSTEM AND
METHOD OF USING SAME

INCORPORAIION BY REFERENCE TO ANY
PRIORITY APPLICATIONS

This application claims priority benefit under 35 U.S.C. §
119(e) of U.S. Provisional Application No. 62/080,831, filed
Nov. 17, 2014, the entirety of which 1s incorporated by
reference herein.

BACKGROUND

Field

The present disclosure relates to a balloon catheter system
and method for treating biological vessels and, more par-
ticularly, to an angioplasty balloon catheter which includes
a grid of fibers attached to, or integrated within a wall of the
balloon. The fibers are less elastic than the balloon material
and as such, when the balloon 1s mflated beyond a prede-
termined pressure a plurality of balloon regions protrude
from the grid formed by the fibers.

Description of the Related Art

Percutaneous transluminal angioplasty (PTA) 1s a proce-
dure 1n which a balloon catheter 1s inserted through an artery
and guided to the region of lumen narrowing. The balloon 1s
inflated to force the plaque material (typically fat and
calcium) against the wall of the artery to open the vessel
lumen and improve blood flow.

Angioplasty balloons are typically cylindrical when
inflated and have different lengths and diameters to conform
to different vessel sizes. The balloons are inflated at high
pressure, normally between 8-20 atmospheres, 1 order to
overcome the resistance of the plaque and achieve luminal
expansion.

Standard balloons (also referred to as plain balloons) are
the most commonly used technique for dilation of a lesion
in a blood vessel (angioplasty); however, standard balloons
sufler from several disadvantages.

Since the diameter and composition of stenotic regions of
an artery are not typically umiform, inflation of a standard
balloon 1n a vessel leads to non-uniform (axially and radi-
ally) expansion. Vanability 1n the lesion composition (le-
s1ons can be composed of a mixture of hard and soit plaque
material) will lead to vaniability 1n resistance to dilation
along the lesion and to balloon over expansion in the least
resistant regions of the vessel. As a result, standard balloons
can apply excessive forces to less resistant regions of the
lesion thus traumatizing the vessel wall (e.g. dissections)
and yet do not apply enough forces to resistant plaque
regions to enable eflective dilation thereof.

Trauma to the vessel wall 1s associated with poor long
term clinical results and can accelerate or induce restenosis
in the treated areas. In addition, major dissections, such as
flow limiting dissections require stenting further complicat-
ing the procedure.

Attempts to solve the aforementioned limitations of stan-
dard balloon catheters by increasing forces on resistant
plaque region via cutting or scoring elements (blades/wires)
positioned on the balloon surface (e.g. U.S. Publication No.
20040143287 and U.S. Publication No. 20060085023) were
somewhat successiul but did not adequately solve problems
resulting from non-uniform balloon expansion. In addition,
cutting and scoring balloons are not designed to avoid
traumatizing the vessel walls, but instead to control the
trauma to the vessel walls by inducing controlled and
predictable dissections.
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Thus, there 1s a need for a high pressure angioplasty
balloon catheter capable of eflectively opening resistant

plaque regions without traumatizing the vessel walls 1n less
resistant plaque regions.

SUMMARY

According to one aspect of the present disclosure, there 1s
provided a system for dilating a stenosed vessel comprising:
(a) a balloon mounted on a catheter shatit, the balloon being
composed of a first material; and (b) a plurality of fibers
forming a grid attached to a surface of the balloon or
integrated within a wall thereof, the plurality of fibers being
composed of a second material having less elasticity than the
first material such that when the balloon 1s inflated beyond
a predetermined pressure a plurality of balloon regions
protrude from the grid formed by the plurality of fibers.

According to further features of the disclosure described
below, the balloon 1s composed of a first polymer, and the
plurality of fibers are composed of a second polymer.

According to still further features 1n the described
embodiments, a thickness of each of the plurality of fibers 1s
selected from a range of 10-750 microns.

According to still further features in the described
embodiments, a thickness of each of the plurality of fibers
varies along 1ts length.

According to still further features in the described
embodiments, the grid forms a plurality of cells having an
area selected from a range of 1-25 mm?2.

According to still further features 1n the described
embodiments, the grid 1s attached to a surface of the balloon
via an adhesive.

According to still further features 1n the described
embodiments, the grid 1s attached to a surface of the balloon
via welding.

According to still further features 1n the described
embodiments, a tensile modulus of each of the plurality of
fibers 1s selected from a range of 1-150 GPa and the tensile
modulus of the balloon 1s selected from a range of 0.0002-
0.0100 GPa.

According to still further features in the described
embodiments, the cells include triangular or diamond-
shaped cells or both.

According to still further features in the described
embodiments, a lead angle of the cells 1s selected from a
range of 30-180 degrees.

According to still further features 1n the described
embodiments, a linear mass density of each of the plurality
of fibers 1s 1-100 Denier.

According to still further features 1n the described
embodiments, a linear mass density of each of the plurality
of fibers 1s 50 Denzer.

According to still further features in the described
embodiments, the grid pattern 1s formed from N fibers
helically wound around the balloon 1n a clockwise direction
and N fibers helically wound around the balloon 1n a
counterclockwise direction. The balloon can optionally
include L longitudinal fibers, wherein L can be 2 or more.

According to still further features 1n the described
embodiments, N 1s selected from a range of 4-16.

According to still further features 1n the described
embodiments, N 1s 4.

According to still further features 1n the described
embodiments, the predetermined pressure 1s at least 2 atmo-
spheres.

According to still further features in the described
embodiments, the plurality of 1solated balloon regions pro-
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trude at least 0.1 mm from the surface when the balloon 1s
inflated to 1ts working pressure (e.g. 5-25 ATMs).

According to still further features in the described
embodiments, the grid 1s sandwiched between the balloon
and a layer of material.

According to still further features in the described
embodiments, each of the plurality of fibers 1s a monofila-
ment fiber.

According to still further features in the described
embodiments, each of the plurality of fibers 1s a multifila-
ment fiber.

According to still further features 1n the described
embodiments, each of the plurality of fibers 1s composed of
polypropylene, PLLA, PEEK, aramids (Kevlar®), polyester
fibers (Dacron®), aromatic polyesters (Vectran®), aliphatic
polyamides (nylons) and/or ultra-high molecular weight
polyethylene.

According to still further features in the described
embodiments, the balloon and/or the plurality of fibers are
coated with a drug-containing formulation.

According to still further features in the described
embodiments, the drug i1s an antiproliferative drug.

The present disclosure successtully addresses the short-
comings of the presently known configurations by providing
a balloon catheter system, which can be used to open
stenosed vessels without traumatizing the vessel wall.

Unless otherwise defined, all technical and scientific
terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
disclosure belongs. Although methods and materials similar
or equivalent to those described herein can be used 1n the
practice or testing of the present disclosure, suitable meth-
ods, and materials are described below. In case of conflict,
the patent specification, including definitions, will control.
In addition, the materials, methods, and examples are 1llus-
trative only and not intended to be limiting.

BRIEF DESCRIPTION OF THE DRAWINGS

The disclosure 1s herein described, by way of example
only, with reference to the accompanying drawings. With
specific reference now to the drawings 1n detail, 1t 1s stressed
that the particulars shown are by way of example and for
purposes of illustrative discussion of the embodiments of the
present disclosure only, and are presented in the cause of
providing what 1s believed to be the most usetul and readily
understood description of the principles and conceptual
aspects of the disclosure. In this regard, no attempt 1s made
to show structural details of the disclosure in more detail
than 1s necessary for a fundamental understanding of the
disclosure, the description taken with the drawings making
apparent to those skilled 1n the art how the several forms of
the disclosure may be embodied 1n practice.

FIG. 1 1s a side view of a catheter including the present
balloon and a magnified view of the balloon portion of the
catheter.

FIG. 2 1s an 1sometric view of an inflated balloon 1nclud-
ing a grid having square-shaped openings.

FIG. 3a 1s a side view of the balloon of FIG. 2.

FIGS. 36 and 3¢ illustrate the balloon surface and braid of
a deflated balloon or a balloon 1ntlated up to a predetermined
threshold (FIG. 3b) and inflated beyond the threshold (FIG.
3c) balloon.

FIG. 4 1s a side view of an inflated balloon including a
orid having diamond-shaped openings.
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FIG. 5 1s an mmage 1llustrating an angle and distances of
importance between fibers of a balloon prototype con-

structed according to the teachings of the present disclosure.

FIGS. 6a-6d illustrate a 6x40 mm balloon braided at 6
(FI1G. 6b, 6d) or 10 (FIGS. 6a, 6¢c) PPI showing the balloon
tapered end (FIGS. 6a, 6b5) and center portion (FIGS. 6c,
6d).

FIGS. 7a-7d illustrate a 5x40 mm balloon braided at 6
(FI1G. 7a, Tc) or 10 (FIGS. 7b, 7d) PPI showing the balloon
tapered end (FIGS. 7a, 7b) and center portion (FIGS. 7c,
7d).

FIG. 8 1s a balloon braided with a diamond pattern.

FIG. 9 15 a close up of the balloon of FIG. 8.

DETAILED DESCRIPTION

The present disclosure relates to a balloon catheter sys-
tem, which 1s capable of applying uniform pressure to a
vessel wall even under high inflation pressures and as such
can be used to dilate stenosed regions of a body vessel such
as an artery while applying a uniform expansion force to all
portions of the treated vessel.

The principles and operation of the present disclosure
may be better understood with reference to the drawings and
accompanying descriptions.

Belore explaining at least one embodiment of the disclo-
sure 1n detail, 1t 1s to be understood that the disclosure 1s not
limited in 1ts application to the details set forth in the
following description or exemplified by the Examples. The
disclosure 1s capable of other embodiments or of being
practiced or carried out in various ways. Also, 1t 1s to be
understood that the phraseology and terminology employed
herein 1s for the purpose of description and should not be
regarded as limiting.

In a previously filed patent application (U.S. Publication
No. 20140066960, filed Aug. 21, 2013, the entire disclosure
of which 1s hereby incorporated by reference), the disclosure
described an angioplasty balloon catheter having an expand-
able constraining structure positioned over a balloon. The
expandable constraiming structure i1s not attached to the
balloon but 1s expanded thereby to constrain balloon infla-
tion and enable 1solated balloon regions to protrude from the
constraining structure during inflation. This ensures that the
balloon applies a uniform force on the vessel wall when
inflated and reduces the likelihood of dissections and other
trauma.

Although experiments have shown that the balloon cath-
cter of U.S Publication No. 20140066960 1s highly effective
in dilating stenosed regions and minimizing trauma to the
vessel wall, due to 1ts metal constraining structure it has a
fairly large packing diameter and limited flexibility and
maneuverability through torturous vessels.

In order to traverse these limitations, the present inventors
have devised a balloon catheter which 1s capable of provid-
ing the benefits of U.S. Publication No. 20140066960 under
high inflation pressures, 1s easy to manufacture and can be
ciiciently packed for delivery while being highly maneu-
verable through torturous vessels. As 1s further described
hereinbelow, such benefits are provided by a fiber grid which
1s attached to, or integrated into the balloon wall and 1s
configured for modifying the shape of the balloon surface to
torm pillow-like protrusions upon balloon inflation.

Balloons with integrated or attached fiber grids are known

in the art (e.g. U.S. Publication No. 20060271093 or U.S.
Publication No. 20050271844). However, such fiber grids
are utilized to prevent balloon over-intlation and increase
balloon 1ntegrity under high inflation pressures and not for
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modifying the shape of the inflated balloon to form pillow-
like balloon protrusions through the grid.

Thus, according to one aspect of the present disclosure,
there 1s provided a system for dilating a stenosed vessel. As
used herein, the term vessel refers to any hollow conduit in
the body and includes blood vessels such as arteries and
veins, lymphatic vessels, GI tract vessels (e.g. intestines),
ducts and any body passage, which conducts a biological
fluid. As 1s further described hereinunder, one preferred use
of the present system 1s 1n angioplasty of arteries such as
peripheral (e.g. leg) arteries.

The present system 1ncludes a balloon composed of a first
maternal (e.g. first polymer) mounted on a catheter shatt and
a plurality of fibers forming a grid-like pattern attached to a
surface of the balloon or integrated within a wall thereof.
The fibers are composed of a second material (e.g. second
polymer) which 1s preferably stronger and less stretchable
than the first materal.

As such, inflation of the balloon beyond a predetermined
threshold pressure (e.g. above 3 ATMs) stretches the balloon
material more than the fibers, forming channels along the
balloon surface where the fibers are constrained or fixed and
balloon protrusions therebetween where the balloon material
1s unconstrained. The grid of fibers maintains balloon uni-
formity (axially and radially) throughout inflation enabling
the protrusions (also referred to herein as pillows) to uni-
formly contact the vessel wall and plaque matenal thus
ensuring uniform force distribution along the treated vessel
region and mimimizing vessel trauma while effectively dilat-
ing the entire plaque region. In addition, since the channels
formed by the grid fibers are recessed from the vessel wall
when the balloon 1s inflated, they provide stress relief
regions and further reduce the likelihood of trauma.

In order to enable formation of the protrusions and control
protrusion height area and shape, one must carefully select
the balloon and fiber material, the strength and diameter of
the fibers and the shape of the grid formed thereby.

The balloon material i1s selected based on desired com-
pliance (defined herein as elasticity or tensile modulus) and
resistance to rupture (strength). The fiber 1s selected based
on strength and elasticity.

The catheter shaft can be any configuration suitable for
use in the desired procedure. For example, in angioplasty
procedures the catheter can be configured for over-the-wire
or a rapid exchange delivery and can include suitable
connectors for wire insertion, inflation and the like at 1its
proximal end. The catheter shait can be any length and
diameter suitable for angioplasty of peripheral, coronary, or
cerebral blood vessels. Suitable length (L) and diameter (D)
of the balloon can be in the range of about 4-40 mm L,
1.25-5 mm D for coronary applications and 20-300 mm L,
2-12 (or more) mm D for peripheral vessels applications.

The balloon can be a compliant or a semi-compliant
balloon fabricated from polyamide, Pebax, polyurethane,
polyethylene terephthalate, or stmilar material and the like at
dimensions selected from a range of about 5-300 mm 1n
length and about 2-12 (or more) mm 1in diameter. The
balloon can be cylindrical or any other shape known 1n the
art. For example, when utilized 1n angioplasty, the balloon
can be roughly cylindrical in shape with tapered ends with
a length of 5-300 mm and a diameter of 2-12 mm the taper
1s normally similar or slightly shorter than the balloon
diameter. The elasticity of the balloon material can be
between 0.0002 to 0.0100 GPa.

The grnid can be formed from single filament or multi-
filament fibers (of the same or diflerent filaments) that are
woven or braided from any material suitable for such
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purposes. The fibers can be 10-750 microns in thickness,
such as i1n the radial direction, with uniform or variable
thickness throughout {fiber length (over balloon). For
example, the fiber can be thicker at the balloon tapers or legs
and thinner at the working length.

The fibers can be made from various polymers (such as
polyurethane, polyamide, polyethylene or other) or metals
(such as Nitinol or Cobalt chromium alloy or other) or
composites thereol, other suitable material. Specific and
preferred examples include ultra-high molecular weight
polyethylene, polyvinylidene fluoride, and polyethylene
terephthalate. A presently preferred material for the fibers 1s
ultra-high molecular weight polyethylene.

Multifilament fibers are typically measured in units of
Deniers, which 1s a unmit of measure for the linear mass
density of fibers. The linear mass density of the fibers can be
10-100 Deniers, preferably 50 deniers.

The elasticity of the fibers can range from 0.1-3500 GPa,
preferably 100 GPa.

Braid density of the fibers 1s also important and 1s
determined by the picks per inch (PPI), 1.e. the number of
fiber crossovers per inch of balloon length; a high PPI
correlates with a high burst pressure. The PPI used to
tabricate the grid of the present system 1s preferably within
a range of 2-20, more preferably 6-14.

Several approaches can be used to fabricate the present
system. The present system 1s assembled while the balloon
1s an inflated or semi-intlated form under a pressure of
0.3-20 ATMs (preferably 0.3-8 ATMs, more preferably 0.3-2
ATMs). The inflation pressure used sets the extent of balloon
material stretching which in turn determines the outer diam-
cter of the constrained segment of the balloon and maximum
protrusion height of the 1solated balloon regions of a fully
inflated balloon.

When the balloon 1s not inflated (or 1s inflated to a
pressure below the threshold), the fiber braid protrudes from
the surface of the balloon (FIG. 3b) or 1s formed with the
balloon surface (when sandwiched between two layers of
balloon wall material) such that the balloon wall does not
extend radially outwardly beyond the fiber braid. When
inflated to a pressure above the threshold pressure, the
1solated balloon regions protrude from the braid openings to
a height that 1s defined as the distance between the surface
of the braid fiber and outermost surface of the 1solated
balloon regions (arrow, FIG. 3¢). Such a height can be at
least about 0.1 mm, and 1n some 1implementations at least
about 0.1 or 0.2 or more, at the nominal inflated working
pressure. In general, the height will be within the rage of
from about 0.01-1 mm or 0.1-0.5 mm.

In a 3 mm balloon (which 1s capable of reaching diameters
greater than 3 mm with over inflation), assembly of the
fibers 1s eflected over a balloon inflated to about 3 mm 1n
diameter. When the assembled balloon 1s inflated inside a
vessel, protrusions of the 1solated balloon regions will for at
this diameter, and will gradually increase in height along
with inflation. At 3.5 mm i1n diameter, the height of the
1solated balloon regions protruding from the balloon surface
will begin at 3.5 mm and gradually increase i1n height with
inflation, typically to about 0.01-0.5 mm in increased height.

The fibers are preferably attached to the balloon surface
along the entire length of each fiber. Attachment 1s effected
using an adhesive applied to the fibers or by sandwiching the
fibers between two adhesive layers applied to the balloon
surface, a base and cover adhesive layer. These layers can be
applied via dipping, spraying, or any other approach known
in the art. The base layer of the balloon wall can be any
tflexible adhesive layer that allows for immobilization of the
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fibers but retains the flexibility of the underlying balloon
substrate while the cover layer further immobilizes the grid,
protects i1t from the vessel wall and plaque and enhances
vascular wall-gripping.

A smooth cover layer 1s particularly advantageous when
the present balloon catheter 1s utilized for dilating in-stent
restenosis. The cover layer of the present balloon prevents
‘stent jailling—a phenomenon in which struts of, for
example, cutting/scoring balloons, are trapped within stent

struts.

Attachment or partial-attachment of the fibers to the
balloon surface may be desirable 1in order to maintain fiber
position over the balloon throughout inflation, and thus
maintain the shape and size of the 1solated balloon regions.
I the fibers were free to move the uniformity of balloon
protrusions could not be maintained and thus uniform vessel
dilation would not be possible. Fixation of the fibers 1 a
specific grid shape 1s also very important over the balloon
tapers where a free wire would tend to slip from 1ts intended
position more easily, again resulting in protrusion non-
uniformaity.

The fibers are braided over the balloon working length at
a lead angle as defined by the PPI. The angle can vary from
30-180 degrees. In one embodiment, each isolated balloon
region (protruding between channels) 1s surrounded by four
crossing fibers angled at approximately 90 degrees to each
other. Since the lead angle 1s constant and equal for all fibers,
the 1solated balloon regions formed between the fibers are
square/rectangle. At this configuration, the fibers are posi-
tioned to resist tension forces applied thereupon by the
pressure buildup in the balloon.

In the above example, the fibers are braided lengthwise
and radially, however, the present grid can also be formed by
helical braiding of fibers over the working length and tapers
of the balloon.

An optional top layer can be applied to the balloon
tollowing sandwiching of the fiber grid between the base
and cover layers. This top layer decreases the tackiness of
the balloon and 1mproves its ability to track through a
tortuous anatomy and inflate within the vessel site. The top
layer can be composed of parylene or any other material
commonly known 1n the art.

Alternatively, the balloon can be coated with a coating
following sandwiching of the fiber grid between the base
and cover layers. This coating can be a hydrophilic material
or a hydrophobic material. The coating decreases the tacki-
ness of the balloon and improves its ability to track through
a tortuous anatomy and intlate within the vessel site. The top
layer can be composed of silicone, polyurethane, polyvi-
nylpyrrolidone, hyaluronic acid, or any other material com-
monly known 1n the art.

When assembled the balloon can be folded in regular
folding techniques known 1in the art. The balloon can be
folded to 2-8 pleats, with the pleats being wrapped around
the balloon axis as done with plain balloon. The fibers are
soit enough to allow such folding.

One specific embodiment of manufacturing process 1s
described hereinbelow:

(1) The balloon 1s 1nflated, preferably to 0.3-2 ATMs.

(1) A polyurethane adhesive 1s applied to the base layer of

the balloon via spraying, dipping, or painting.

(111) The adhesive base layer 1s cured and the fibers are

braided over the balloon surface. A variable pitch
process 1s used over the legs, tapers, and working

length with a PPI range over the working length of
6-14.
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(iv) A cover layer of polyurethane adhesive 1s applied
over the braided gnd to fix the fibers 1n place and
ensure a continuous fiber coating to minimize interac-
tion between fibers and plaque matenal.

(v) The adhesive cover layer 1s cured and an optional
outer layer 1s applied to the balloon to minimize
tackiness and enhance delivery to a vessel site.

FIGS. 1-4 1illustrate one embodiment of the present bal-
loon system, which 1s referred to herein as system 10.
System 10 1s configured for use in angioplasty procedures.

System 10 includes a catheter shait 12, which is fabricated
from polymer extrusions and includes longitudinal lumens
running the length of shatt 12. A first lumen can accommo-
date a gmdewire while a second lumen can serve as an
inflation conduit for balloon 20 mounted on a distal portion
14 of shaft 12. Proximal portion 16 of shaft 12 includes a
connector 18 having dedicated ports 22 and 24 communi-
cating with the second and first lumens (respectively).

For coronary applications balloon 20 can be between 1.25
to 5.0 mm in diameter and 4 to 40 mm in length (when
inflated as shown in FIG. 2). For peripheral applications,
balloon 20 can be between 2 to 12 mm in diameter and 5 to
300 mm 1n length. A longer balloon may taper (radially)
along 1ts length. The wall thickness of balloon 20 can vary
from 1-250 um (variable depending on material and speci-
fied characteristics). The balloon wall thickness can be
uniform or variable.

Balloon 20 1s attached to distal portion 14 of shaft 12
using approaches well known 1n the art (e.g. gluing or
welding). A grid 30 1s integrated into, or glued onto wall 32
of balloon 20 as 1s described above. Grid 30 1s formed from
two or more fibers 34 (five radial fibers 35 and four axial
fibers 37 shown in FIG. 2) that are braided/woven over the
length of balloon 20 including working length (WL), legs
(LG) and tapers (TP).

As 1s shown 1n FIG. 2, when balloon 20 1s inflated to
nominal pressure (e.g. 6-20 ATMs), grid 30 enables 1solated
balloon regions 36 to protrude through openings 38 formed
between fibers 34 and form channels 40 in the balloon
surface. Depending on several variables 1in construction of
balloon 20 and grid 30 including balloon and fiber matenal,
orid shape and density and the like, 1solated balloon regions
36 can protrude 0.01-0.5 mm from the balloon surface. The
orid 30 can include a number of circumierential fiber
portions 1ntersecting a number of axial fiber portions. In
general, there can be about 3 to about 20 circumierential
fiber portions, such as about 4 to about 10 circumierential
fiber portions, and about 3 to about 10 axial fiber portions,
such as about 3 to about 5 axial fiber portions. In some
implementations, there can be about 10 to about 20 1solated
balloon regions, such as about 12 to about 18 balloon
regions or about 14 to about 16 balloon regions.

As 1s mentioned herein, 1solated balloon regions 36 con-
tact the plaque i1n the vessel and apply a uniform force
thereto, while channels 40 (which are recessed from the
plaque) function as stress relief regions.

Four to seventy two fibers can be positioned around
balloon 20 depending on the length and diameter thereof.
Fibers 34 can be laid down 1n any pattern as long as the grid
formed thereby includes openings 38 of roughly the same
arca and shape. For example, fibers 34 can be laid down
longitudinally (axially) and radially to form square or rect-
angular opemings 38 (as 1s shown 1n FIGS. 2-3), or fibers 34
can be helically wound clockwise and counterclockwise to
form diamond-shaped openings 38 as 1s shown i FIG. 4
which 1llustrates a grid 30 formed from helically wound
fibers 34. A combination of these two approaches can also be
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used by providing axial fibers to limit balloon elongation
and form triangular-shaped openings 38 (FIG. 5).

The number of fibers 34 correlates to the density of the
braid forming the grid and the number of and area of
openings 38 (forming 1solated balloon regions 36).

In one embodiment of the present disclosure shown in
FIGS. 6a-d, a balloon 20 that 1s 40 mm in length and 6.0 mm
in diameter includes a braided grid 30 formed from 8 fibers
34, 4 longitudinal fibers 34 and 4 radially wound fibers 34.
This braiding pattern forms triangular and hexagonal-shaped
1solated balloon regions 3 when inflated.

In another embodiment of the present disclosure shown in
FIGS. 8-9, balloon 20 can include helical (H)+longitudinal
(L) fibers 34 (wherein the number of H fibers 1s greater than
the number of L fibers), with L fibers longitudinally arranged
around the balloon, H/2 fibers 34 helically wrapped clock-
wise and H/2 fibers 34 helically wrapped counterclockwise.
This result 1n a grid 30 forming triangular and hexagonal-
shaped openings 38 through which isolated balloon regions
36 protrude around the circumierence of balloon 20.

The total number of 1solated balloon regions 36 depends
on the balloon length: In the example of FIG. 3a, 1solated
balloon regions 36 are defined by a square with a diagonal
length of 3xm/4=2.35 mm. As a result, every 2.35 mm of
balloon 20 length will include 2x4=8 1solated balloon
regions 36. A 3x20 mm balloon will therefore include
8x20/2.35=68 1solated balloon regions 36.

Grid 30 preferably has a variable pitch (fiber 34 angles)
over the working length (WL), legs (LG), and tapers (1P) of
balloon 20 (FIG. 2). Such variation can accommodate for
changes 1n balloon 20 diameters over 1ts length (e.g. taper
expands less than working length) or can alter the local
compliance of a balloon region (e.g. make a taper region less
compliant).

System 10 can be used 1n angioplasty as follows. System
10 can be guided to the stenosed region over a guide-wire
(not shown) using well known angioplasty approaches.
Once 1n position, balloon 20 can be inflated to a point where
it channels 40 and 1solated balloon regions 36 are formed to
apply an outward radial force to the plaque at 1solated
balloon regions 36 and stress relief regions at channels 40.
Once the region 1s sufliciently dilated, balloon 20 1s deflated
and system 10 1s removed from the body.

Thus, the present disclosure provides a balloon system,
which protects the vessel wall from uneven expansion, as
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coated with a drug composition contaiming, for example, an
antiproliferative drug such as sirolimus or paclitaxel using
methods well known 1n the art.

As used herein the term “about” refers to £10%.

Additional objects, advantages, and novel features of the
present disclosure will become apparent to one ordinarily
skilled 1 the art upon examination of the following
examples, which are not intended to be limiting.

EXAMPLES

Reference 1s now made to the following examples, which
together with the above descriptions, illustrate the disclosure
in a non-limiting fashion.

Bench Testing of Braided Balloons

Several prototype balloons were constructed according to
the teachings of the present disclosure and tested as
described below.

Briefly, a nylon balloon was fabricated via blow molding
and the balloon was pre-intlated to 0.3 atm. The balloon was
dip-coated in a polyurethane adhesive and an ultra-high
molecular weight polyethylene multifilament fiber was
braided 1n a diamond pattern over the balloon surface. The
balloon was then dip-coated 1n a second layer of the poly-
urethane adhesive followed by dip-coating in parvlene.
FIGS. 8 and 9 1llustrate an 1nflated balloon prototype with a
diamond braiding pattern. The balloons were dried and
folded to determine the folded diameter.

Five types of balloons were constructed, a 6 mm (1nflated
diameter)x40 mm (inflated length) balloon at two PPI den-
sities of 6, 10 (FIGS. 6a-6d) and a 5 mmx40 mm balloon at
three PPI densities of 6, 10 and 14 (FIGS. 7-7d, PPI 14 not
shown).

The following parameters were tested for each balloon
type:

(1) compliance—diameter of the balloon as a function of

pressure;

(1) burst pressure—measurement of the pressure at which
the balloon material fails:

(111) fatigue—measurement of the number of repeated
inflation-detlation cycles before the balloon material
fails; and

(1v) profile—measurement of the diameter of the folded
balloon.

Table 1 below summarizes the results with the 5 tested

balloons.

TABLE 1
Pillow Height Burst(atm) Dia (@ & atm (mm) Dia (@ 8 atm (mm)
8atm 12 atm Balloon Braided Balloon Braided Balloon Braided b C d
Size PPI (mm) (mm) Only Balloon Only Balloon Only Balloon deg) (mm) (mm) (mm)
6.0 x 40 6 N/A N/A 16.40 2425 = 0.07  6.70 6.40 = 0.00 7.10 6.65 £ 0.07 1255 4.3 2.6 2.3
6.0 x 40 10 0.18 0.26 27.60 £4.10 6.30 = 0.10 6.47 = 0.06 142 4.2 1.7 1.9
5.0 x 40 6 0.31 0.41 17.2 2465 £ 0.78  5.70 5.43 = 0.15 6.20 5.67 £ 0.21 1255 3.85 2.5 2.2
5.0 x 40 10 0.29 0.39 29.75 £ 2.19 5.33 =+ 0.15 547 = 0.06 141 3.65 1.4 2.4
5.0 x 40 14 0.16 0.26 41.20 = 2.83 5.10 5.20 N/A N/A N/A N/A

a-d are shown in FIG. 3 and denote the following:

a-(alpha) 1s the angle of intersection for the fibers as marked in the drawing

b- 1s the distance between longitudinal fibers
¢- 15 the length of longitudinal fiber as marked in the drawing
d- 1s the distance as marked in the drawing

well as enables provision of localized higher pressure forces
to specific lesion regions that are resistant, such as highly
calcified expansion-resistant plaque regions.

Balloon 20 of system 10 and/or grid 30 can be coated with
a hydrophilic or hydrophobic coating to enhance lubricity or

65

It 1s appreciated that certain features of the disclosure,
which are, for clarity, described 1n the context of separate
embodiments, may also be provided in combination 1n a

single embodiment. Conversely, various features of the



US 10,232,148 B2

11

disclosure, which are, for brevity, described 1n the context of
a single embodiment, may also be provided separately or 1n
any suitable subcombination.

Although the disclosure has been described 1n conjunction
with specific embodiments thereof, it 1s evident that many 5
alternatives, modifications, and variations will be apparent
to those skilled 1in the art. Accordingly, 1t 1s intended to
embrace all such alternatives, modifications, and variations
that fall within the spirit and broad scope of the appended
claims. All publications, patents, and patent applications 10
mentioned 1 this specification are herein incorporated in
their entirety by reference 1nto the specification, to the same
extent as if each individual publication, patent or patent
application was specifically and individually indicated to be
incorporated herein by reference. In addition, citation or 15
identification of any reference 1n this application shall not be
construed as an admission that such reference 1s available as
prior art to the present disclosure.

What 1s claimed 1s: 50

1. A system for dilating a stenosed vessel comprising:

a balloon mounted on a catheter shatt, said balloon being

composed of a first material; and

a plurality of fibers forming a grid, the grid extending an

entire length of the balloon, each of said plurality of
fibers being glued or welded to a wall of said balloon
along the entire length of said fiber, said plurality of
fibers being composed of a second material having less
clasticity than said first material such that when said
balloon 1s inflated beyond a predetermined pressure a .,
plurality of balloon regions protrude from said grid
formed by said plurality of fibers,

wherein the system 1s configured to transition to an

inflated configuration in which the plurality of balloon
regions protrude from said grid and then transition to a 44
deflated configuration in which the balloon and the
plurality of fibers are removed, and

wherein prior to inflation, both the balloon and the plu-

rality of fibers are folded and wrapped around an axis
of the balloon. 40

2. The system of claim 1, wherein said balloon 1s com-
posed of a first polymer and said plurality of fibers are
composed of a second polymer.

3. The system of claim 2, wherein a tensile modulus of
each of said plurality of fibers 1s selected from a range of
1-150 GPa and said tensile modulus of said balloon 1is
selected from a range of 0.0002-0.0100 GPa.

4. The system of claim 1, wherein a thickness of each of
said plurality of fibers 1s selected from a range of 10-730
microns. 50

5. The system of claim 1, wherein a thickness of each of
said plurality of fibers varies along 1ts length.

6. The system of claam 1, wherein said grid forms a
plurality of cells each having an area selected from a range
of 1-25 mm~. 55

7. The system of claim 6, wherein said cells include
triangular and diamond-shaped cells.

8. The system of claim 6, wherein a lead angle of said
cells 1s selected from a range of 30-180 degrees.

9. The system of claim 1, wherein a linear mass density
of each of said plurality of fibers 1s 1-100 Denaier.

10. The system of claim 1, wherein a linear mass density
of each of said plurality of fibers 1s 50 Denier.

12

11. The system of claim 1, wherein said grid 1s formed
from N fibers helically wound around said balloon in a
clockwise direction and N fibers helically wound around
said balloon 1n a counterclockwise direction.

12. The system of claim 11, wherein N 1s selected from a
range of 4-16.

13. The system of claim 11, wherein N 1s 4.

14. The system of claim 11, further comprising longitu-
dinal fibers crossing the N fibers helically wound around
said balloon 1n a clockwise direction and crossing the N
fibers helically around said balloon in a counterclockwise
direction.

15. The system of claim 1, wherein said predetermined
pressure 1s at least 2 atmospheres.

16. The system of claim 1, wherein said plurality of
balloon regions protrude at least 0.1 mm from a surface of
said grid.

17. The system of claim 1, wherein said grid 1s sand-
wiched between said balloon and a layer of material.

18. The system of claim 1, wherein each of said plurality
of fibers 1s a monofilament fiber.

19. The system of claim 1, wherein each of said plurality
of fibers 1s a multifilament {fiber.

20. The system of claim 1, wherein each of said plurality
of fibers 1s composed of polypropylene, PLLA, PEEK,
Kevlar, and/or ultra high molecular weight polyethylene.

21. The system of claim 1, wherein said balloon and/or
said plurality of fibers are coated with a drug-containing,
formulation.

22. The system of claim 21, wherein said drug 1s an
antiproliferative drug.

23. The system of claim 1, wherein when said balloon 1s
inflated beyond the predetermined pressure, the plurality of
balloon regions uniformly protrude from said grid.

24. A system for dilating a stenosed vessel comprising:

a balloon mounted on a catheter shaft, said balloon being

composed of a first material; and

a plurality of fibers forming a grid, the grid extending an

entire length of the balloon, each of said plurality of
fibers being glued or welded to a wall of said balloon
along the entire length of said fiber, said plurality of
fibers being composed of a second material having less
clasticity than said first material such that when said
balloon 1s inflated beyond a predetermined pressure a
plurality of balloon regions protrude from said grid
formed by said plurality of fibers, the second material
being phiable,

wherein prior to inflation, both the balloon and the plu-

rality of fibers are folded and wrapped around an axis
of the balloon.

25. The system of claim 24, wherein said balloon 1s coated
with a drug-containing formulation.

26. The system of claim 24, wherein said plurality of
fibers are coated with a drug-containing formulation.

277. The system of claim 24, further comprising longitu-
dinal fibers crossing the N fibers helically wound around
said balloon 1n a clockwise direction and crossing the N
fibers helically around said balloon 1n a counterclockwise
direction.

28. The system of claim 24, wherein when said balloon 1s
inflated beyond the predetermined pressure, the plurality of
balloon regions uniformly protrude from said grid.
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